Background: Recognizing EGFR as key orchestrator of the metastatic process in colorectal cancer, but also the substantial heterogeneity of responses to anti-EGFR therapy, we examined the pattern of composite tumor kinase activities governed by EGFR-mediated signaling that might be implicated in development of metastatic disease.
Introduction
The multitude of more than 500 protein kinases, the kinome, represents a substantial part of the human genome, and receptor tyrosine kinases are key mediators in signaling cascades regulating central biological processes of malignancy, such as proliferation, angiogenesis, and metastasis [1, 2] . In order to optimize and individualize therapeutic efficacy of kinase inhibiting agents for metastatic disease control, it seems rational to exploit the specific pattern of tumor kinase activity as functional biomarker of actionable targets.
In locally advanced rectal cancer (LARC), randomized studies have highlighted the central role of chemoradiotherapy (CRT) in conjunction with surgical resection to eradicate tumor within the pelvic cavity and improve long-term outcome [3] . However, even with successful local treatment, a substantial number of patients will develop metastatic disease as result of early, undetected systemic dissemination of tumor cells. Within this frame of reference, our prospective non-randomized study comprising LARC patients given CRT followed by radical surgery and no further treatment offers a unique opportunity to explore the regulatory role of specific kinase signaling pathways in tumor proliferation, angiogenesis, and metastasis in a defined clinical context. In this study, using peptide arrays with tyrosine kinase substrates [4] [5] [6] to analyze the patients' tumors at the time of diagnosis, we have found that patients with poor CRT response had significantly elevated tumor kinase activity, representing signaling mediated by VEGFR, EGFR, and phosphatidylinositol-3-kinase (PI3K)/AKT, compared to good-responding patients [7] . Moreover, we have reported that tumor angiogenic signatures comprising PDGFR, VEGFR, and EPOR were associated with microscopic dissemination of tumor cells in bone marrow at the time of diagnosis, which secondly was correlated with heightened risk of developing metastatic disease following the course of radical treatment of the pelvic cavity [8] .
In metastatic colorectal cancer, monoclonal antibodies directed against EGFR, currently cetuximab and panitumumab, have been implemented in clinical practice for the last eight years. For the optimum selection of eligible patients, initial molecular data established mutations of genes encoding effector proteins downstream of EGFR in the tumor signaling cascade, primarily mutations in codon 12 or 13 of KRAS, as predictor of intrinsic therapeutic resistance to anti-EGFR monoclonal antibodies [9] . Moreover, mutations in genes encoding other mediators, primarily BRAF p.V600E but also PIK3CA mutations, are associated with resistance [9] , while tumors harboring KRAS p.G13D may respond [10, 11] . It was recently suggested that amplification of ERBB2 comprises another resistance mechanism [12, 13] , and that acquired resistance is conferred by mutation of EGFR itself [14] or results from expansion of tumor subclones with mutated or amplified KRAS [15, 16] . In addition to signaling through the pathway of KRAS/BRAF-encoded effectors, EGFR in parallel activates PI3K-mediated signaling through a multistep interplay of messenger molecules with effectors [17, 18] . Despite all of the above knowledge, however, objective response to anti-EGFR antibody therapy in metastatic colorectal cancer is obtained, at best, in no more than half of patients without tumor aberrations in the EGFR signaling network that are currently tested in routine practice [9, 19, 20] .
Hypothesizing that kinase signaling activity conducted by EGFR may reflect mutation status of genes encoding effector proteins from any component of the molecular network, we compared the previously achieved ex vivo tumor phosphopeptide profiles from the LARC study patients [7, 8] with tumor mutations within KRAS exon 2, BRAF exon 15, and PIK3CA exons 9 and 20, and amplification of ERBB2. Conceptually, tumor kinase activity signatures comprising all interacting signaling pathways of relevance might be developed into functional biomarkers of actionable therapy targets for metastatic disease control. The investigations in this study defined a subgroup of LARC patients, following the resection of primary tumors with high activity of the PI3K signaling pathway, with particularly poor metastasis-free survival. This finding suggests that high tumor PI3K-mediated signaling activity is a biomarker of risk assessment and treatment stratification.
Materials and Methods

Ethics Statement
The phase II, non-randomized study protocol (ClinicalTrials ID NCT00278694) was approved by the Institutional Review Board and the Regional Committee for Medical and Health Research Ethics of South-East Norway, and is in accordance with the Helsinki Declaration. Written informed consent was required for participation.
Patients and Procedures
The patient population reported here was enrolled between October 2005 and May 2008. Patient eligibility criteria, evaluation procedures, study treatment, and review procedures of follow-up have been described in detail previously [7] . Following neoadjuvant fluoropyrimidine2/oxaliplatin-based CRT and subsequent surgery, the resected primary tumor specimens were histologically evaluated for treatment response according to standard criteria (histopathologic staging; ypTN) and histomorphologic tumor regression grade (TRG). Briefly, the latter was graded within one of five TRG categories, spanning from the absence of residual tumor cells in the resected specimen (TRG1) to the lack of morphologic signs of treatment response (TRG5) [21] . Follow-up data was obtained from the clinical database and censored on December 31, 2011. Valid observations of the presence or absence of distant metastases required designated radiologic examination. Four patients with synchronous resectable liver metastases were excluded from analysis of metastasis-free survival.
Tumor Samples
At the time of diagnosis, baseline study-specific primary tumor biopsies were obtained from 79 patients with locally advanced rectal cancer under heavy sedation, snap-frozen in liquid nitrogen, and stored at -80uC, as reported previously [7] . Of the included patients, 16 patients were excluded from the present study, as 12 patients had tumor biopsy specimens in which kinase activity profiling had not been performed because the patients were either ineligible after study registration (n = 4), had withdrawn consent (n = 1), had unexpectedly died during the preoperative treatment (n = 1), had developed metastatic disease progression during preoperative treatment that precluded definitive surgery (n = 1), had tumor cell content less than 20% within the biopsy specimen (n = 3), or had a biopsy specimen in which kinase activity analysis was missing of unknown reasons (n = 2), and four additional patients did not have tumor DNA isolated because no biopsy material remained for the purpose. Thus, tumor kinase activity profiles based on previous array phosphosubstrate data were successfully identified for 63 patients that had their tumor KRAS/ BRAF/PIK3CA/ERBB2 mutation status determined, and this study population was present within the current analyses.
Tumor Gene Mutation Analyses
KRAS, BRAF, and PIK3CA target sequences were amplified by polymerase chain reaction, and base substitutions were detected by denaturant, cycling temperature capillary electrophoresis [22, 23] , according to Table S1 . ERBB2 amplification was analyzed using the TaqManH Copy Number Assay (Applied Biosystems, Oslo, Norway) protocol [24] and calibrated relative to each individual patient's corresponding DNA isolated from peripheral blood mononuclear cells. Tumor DNA samples with relative quantification values higher than 5 were considered amplified to ensure scoring high-grade focal ERBB2 amplification only, omitting lowgrade polysomy of chromosome 17.
Tumor Kinase Activity Profiling
Preparation of tumor sample lysates and multiplex analysis of tumor kinase activity using peptide arrays with tyrosine kinase substrates (Tyrosine Kinase PamChip96 Array; PamGene International B.V.,'s-Hertogenbosch, The Netherlands) have been described in detail previously [7] . The average tumor cell content in the biopsy specimens was 46%, and no difference was found between tumors with wild-type and mutated KRAS/BRAF (P.0.67; two-sample t-test). Four technical replicates were analyzed from each patient sample to generate ex vivo phosphosubstrate profiles.
Adaptation of Array Data
Data visualization and processing of previously achieved array data (ArrayExpress accession number E-TABM-913), as reported previously [7] , were performed using BioNavigator version 5.10.70 (PamGene International B.V.). The tumors were divided into two groups; wild-type and mutated KRAS/BRAF status (36 and 27 samples, respectively). The data on array peptide phosphorylation, following conversion from array signal intensities, was logtransformed after handling a small number of negative data points by subtracting the 1% percentile of the total data set and subsequently setting all remaining data points with value less than 1 to the value 1. This adaptation approach was chosen to balance the number of data points that was set to the value of 1 and the extent of collective upward shift of the whole data set. Correction of plate-to-plate variation was achieved by normalizing substrate signal intensity to the mean signal intensity of all wild-type tumors in the respective plates by the following formula: N psm = log 2 (S psm ) -log 2 (G pm ), where N psm is the normalized signal for substrate p of sample s on plate m, S psm is the corresponding non-normalized signal, and G pm is the average signal from wild-type tumors of substrate p on plate. Phosphosubstrates with a sample-average signal less than 10 were excluded, leaving 102 peptides for further analysis (Table S2 ).
Statistical Analysis
Based on the signal values of these resultant 102 array phosphopeptides, unsupervised analysis was performed applying principal component analysis and k-means clustering, with 10 Monte Carlo repetitions, using standard functions provided in the Matlab Statistics Toolbox (Matlab R2010A; Mathworks, Natick, MA, USA). Binary supervised classification analysis was performed using partial-least squares discriminant analysis in Matlab R2010A, essentially as described previously [7] . Performance of class partition with respect to tumor mutation status was evaluated by 20-fold cross validation. Distribution of parameters between patients with tumors harboring differential molecular features was compared using Fisher's exact test for categorical data and twosample t-test for continuous variables. Log-rank test was applied to calculate any difference in metastasis-free survival between patient subgroups. The data analysis was performed using SPSS Predictive Analytics Software (SPSS Inc., Chicago, IL, USA). Pvalues less than 0.05 were considered statistically significant.
Results
Tumor Mutations
Point mutations in KRAS, BRAF, and PIK3CA and amplification of ERBB2 were detected in 35%, 6.3%, 9.5%, and 3.2% of the primary tumors from 63 LARC cases, respectively (Table 1) ; in the majority, a single gene aberration was found. Four tumors harbored BRAF mutation, either p.D594G or p.V600E, as a solitary aberration. In six tumors, PIK3CA mutations were found; in two of the cases, KRAS was also mutated. Only two samples, both without other detected mutations, showed amplified ERBB2 (by virtue of higher than 5-fold tumor ERBB2 level relative to the level in the patient's corresponding normal DNA). No differences were observed between patients harboring KRAS/BRAF wild-type and mutated tumors regarding radiologic TNM stage at diagnosis, histopathologic ypTN stage or histomorphologic TRG score of the surgical specimens following CRT, development of metastatic disease at median follow-up of 53 months (range 7-70), or age (Table S3) .
Tumor Kinase Activity Profiles
Ex vivo tumor kinase activity profiles were derived from 102 array substrates that had signal intensities above the defined threshold (Table S2) , with relative phosphorylation levels varying within a log 2 range of -1.0 to 1.0. Based on the generated phosphosubstrate profiles, a binary class partition model discriminated correctly between tumor KRAS/BRAF wild-type and mutation status in 67% of cases. No improvement in precision of class partition was achieved on inclusion of either PIK3CA or ERBB2 aberrations as additional layers of information to the group of tumor samples with gene mutations. Figure 1 shows the score plot resulting from principal component analysis of the data set of 102 phosphopeptide substrates; each spot represents one of the 63 samples in a threedimensional principal component space. On inspection of the score plot, a single tumor (closed triangle) was observed as a clear outlier to the distribution of samples along the first principal component, and furthermore, the remaining samples seemed to separate into two groups, both consisting of a relatively balanced number of KRAS/BRAF wild-type and mutated tumors. Subsequently, using the scores of the three principal components as input and excluding the outlier tumor from further analysis, kmeans clustering was applied in order to obtain two distinct groups of samples, thereby assigning any borderline cases into either of the two. Resulting from this procedure, 15 of 62 samples (24%), of which 11 (69% of the 15) were KRAS/BRAF wild-type cases, clustered in the smaller group (Cluster-Group 2; closed circles). Although the larger cluster of 47 samples (Cluster-Group 1; open squares) consisted of 26 (55%) KRAS/BRAF wild-type tumors, KRAS/BRAF wild-type and mutated cases were equally distributed within the two tumor clusters (P = 0.17).
In Figure 2 , using the resulting groups from the unsupervised clustering analysis, tumor samples (horizontal axis) and peptides (vertical axis) were sorted along a line connecting the two cluster centroids according to their projection and weight in signal change, respectively, illustrating that Cluster-Group 2 tumors generated higher ex vivo substrate phosphorylation levels than the samples of Cluster-Group 1 for all of the 102 peptides. The order of the peptide substrates with respect to how their difference in phosphorylation levels across the tumor samples distinguished between the two cluster groups, i.e., the discriminating tumor kinase activity profile, is listed in Table 2 . Interestingly, differences in phosphorylation of substrates related to PI3K-dependent factors (one PIK3R1, three CTTN1, one PLCG1, two PDPK1, and one RASA1 peptides) contributed more strongly to the discrimination of cluster groups, as they essentially were found in the upper half of the list, than phosphosubstrates related to signaling mediated by the KRAS/BRAF-encoded effector pathway (one RAF1 and four MAPK isoforms peptides). One of the three EGFR array peptides was found among phosphosubstrates strongly distinguishing between the two cluster groups. Table 3 summarizes tumor and treatment characteristics of the 62 patients included in either Cluster-Group 1 or Cluster-Group 2. Again, no differences were observed between the cluster groups regarding TNM stage, ypTN stage, or TRG score. Metastasis-free survival was assessed for 58 patients, as the four patients with synchronous liver metastases were omitted from this analysis, with Cluster-Group 2 demonstrating poorer metastasis-free survival than Cluster-Group 1 (P = 0.011; Figure 3 ). Of particular note, whilst a fifth of patients in Cluster-Group 1 developed metastatic disease over a follow-up period of 36 months, patients in ClusterGroup 2 seemed to have a much more aggressive disease, as almost a half had been diagnosed with metastases by less than one year of follow-up.
Separately, when comparing KRAS/BRAF wild-type tumors as a whole group with the entire group of tumors harboring such mutations, samples without mutations generated significantly higher phosphorylation of 11 of the 102 array peptides constituting the tyrosine kinase activity profiles (P-value range 0.0034-0.049).
In Figure 4 , the samples within each of these two tumor groups are organized horizontally in order from low to high phosphopeptide levels, to visualize the higher percentage of KRAS/BRAF wild-type tumors that produced higher than mean phosphorylation levels for the 11 substrates (18 of 36 samples) than tumors with mutated KRAS/BRAF performing correspondingly (6 of 27 samples; P = 0.036). A majority of the discriminating phosphosubstrates was deemed to represent signaling factors that are interconnected with the EGFR-conducted pathway. Within the entire 102-peptide panel, six peptides representing members of the EGFR family of receptor tyrosine kinases (three EGFR, two ERBB2, and one ERBB4) were identified (Table S2 ). Whilst none of the three EGFR array peptides was found among phosphosubstrates distinguishing tumor KRAS/BRAF mutation status at group level, all of the three peptides representing ERBB2 and ERBB4 were among the discriminating substrates.
Discussion
The essential finding of this study was that high ex vivo phosphorylation of PI3K-related substrates by the primary tumor, rather than the KRAS/BRAF mutation status, may be a hallmark of poor metastasis-free survival in LARC patients after radical treatment of the pelvic cavity. This particular subgroup of study patients had aggressive disease development, with a substantial fraction of patients being diagnosed with metastatic disease within less than one year of follow-up.
Whilst contemporary multimodal treatment of LARC has led to significant improvement of local disease control, development of metastatic disease is still a major challenge [3] . Currently, no consensus exists to whether systemic therapy may reduce the risk of metastasis development in rectal cancer patients [25] , which partly might be explained by the paucity of biomarkers for risk assessment and treatment stratification. In the patient cohort analyzed here, we have previously shown that the presence of disseminated tumor cells in bone marrow at the time of diagnosis correlated with development of overt metastatic disease [8] . The question of whether tumor KRAS/BRAF mutation status may be a reliable biomarker for the purpose of selecting high-risk patients to anti-EGFR therapy, however, remains elusive. Despite convincing evidence of efficacy in metastatic disease from wild-type KRAS/ BRAF colorectal tumors [9] , including the finding of a high percentage of resectability of liver metastases following cetuximabbased systemic therapy [26] , the addition of cetuximab to standard chemotherapy in patients with wild-type KRAS colon cancer failed to meet the endpoint of prolonged disease-free survival in a recently concluded randomized trial in the adjuvant setting [27] . A similar study for resected rectal cancer has not been done.
In the present study, binary supervised classification analysis of the ex vivo-generated phosphopeptide profiles discriminated correctly between tumor KRAS/BRAF wild-type and mutated samples in two-thirds of cases. Because this particular data handling was performed to enable the detection of subtle differences between the two groups being compared, it did not fully compare with the outcome of the unsupervised analysis of the entire 102-phosphosubstrate panel. In the latter, two alternative phenotypic tumor populations appeared; a smaller one, comprising a fourth of the entire cohort, and a larger cluster of tumors, both consisting of samples with and without KRAS/BRAF mutations with similar distribution within the two tumor clusters. In metastatic colorectal cancer, objective response to anti-EGFR antibody therapy can be expected in a third of unselected patients, and conversely, tumor KRAS mutations may be found in almost a third of responders [19] . Our observation that KRAS/BRAF wild-type and mutated tumors had overlapping kinase activity profiles is consistent with the increasing recognition of tumor heterogeneity, reflected in disparate mutation status, as determinant of variable response to anti-EGFR antibody therapy. Figure 1) , and the 63 tumor samples (horizontal axis; marked for gene mutations as specified) and 102 phosphosubstrates (vertical axis) were sorted along this line according to projection and weight in signal difference, respectively. Red corresponds to higher and blue to lower substrate phosphorylation levels. Arrows denote array peptides representing factors of EGFR-directed signaling pathways, as indicated, and the identity of each peptide substrate, in order from top to bottom of the figure, is given in Table 2 . In this analysis, the single outlier to the distribution of samples, as elaborated in Results, sorted left of Cluster-Group 1 in the heat-map. doi:10.1371/journal.pone.0050806.g002 PI3K Signaling in Rectal Cancer Metastasis PLOS ONE | www.plosone.org Table 2 . Order of the 102 array phosphosubstrates, listed from highest to lowest difference in phosphorylation level (top to bottom in Figure 2 ) between Cluster-Group 1 and Cluster-Group 2 tumors from 62 patients with locally advanced rectal cancer. Of notice, study patients demonstrating high tumor PI3K-mediated signaling activity, as all array substrates of this specific pathway (PIK3R1, CTTN1, PLCG1, PDPK1, and RASA1) were highly phosphorylated, had particularly poor metastasis-free survival after radical treatment of the pelvic cavity. The PI3K complex consists of a regulatory subunit, existing in several isoforms (PIK3R1 and CTTN1), and a catalytic subunit encoded by PIK3CA. On regulatory subunit phosphorylation by receptor tyrosine kinases or G-protein (RASA1)-coupled receptors, the catalytic subunit is enabled to generate phosphatidylinositol-3,4,5-trisphosphate, which activates 3-phosphoinositide-dependent protein kinase 1 (PDPK1) and subsequently AKT and the downstream mammalian target of rapamycin (mTOR). In addition, the 1-phosphatidylinositol-4,5-bisphosphate phosphodi- esterase gamma-1 (PLCG1) is crucial for generation of activating second messenger molecules in the EGFR-directed, PIK3-mediated signaling pathway [17, 18] . In the context of our observations, even without valid evidence at present, it is tempting to speculate that LARC patients might be eligible for adjuvant systemic therapy based on this high-risk biological feature. Given the finding that the PI3K complex may be a key signaling network orchestrator of colorectal cancer metastasis, therapeutics targeting PI3K/AKT or the downstream mTOR complex [17] might be rational, and within this frame of reference, the ex vivo phosphosubstrate technology could show useful in developing the required biomarkers of signaling pathway druggability.
In the separate analysis comparing ex vivo phosphopeptide profiles generated by KRAS/BRAF wild-type tumors as a whole group with those collectively obtained from the group of tumors harboring such mutations, ERBB2 and ERBB4 were among the prevailing substrates discriminating these two groups. However, bearing in mind that the 11 discriminating substrates in this analysis appeared from a total number of 102 peptides constituting the tyrosine kinase activity profiles, the false discovery rate might be as high as 50% with the statistical significance level of P,0.05. Nevertheless, resistance to anti-EGFR antibody treatment may be mediated by activation of ERBB2-mediated signaling, either via amplification of ERBB2 or increased levels of the ERBB3/ERBB4 ligand heregulin [13] . Moreover, ERBB2 was recently found to be amplified in a third of tumors, predominantly colon cancer, confirmed to be wild-type for KRAS/BRAF/PIK3CA but resistant to anti-EGFR antibody therapy; tumors with ERBB2 amplification were substantially enriched in this specific population compared to unselected patients [12] . In the present cohort of LARC patients, however, only two cases were concluded to have ERBB2 amplification.
Specifically, using high-throughput kinase substrate arrays, an association between tumor kinase activity and metastasis-free survival was found in this LARC cohort. For clinical practice, this technology may be practicable, as it is robust with small tissue quantities, typically 10-15 micrograms of total protein being sufficient [4] [5] [6] ; however, it has so far been employed to address a limited number of clinical topics [7, 8, [28] [29] [30] . The concept is contingent on fresh-frozen tumor tissue for preservation of kinase activity, and for the investigation reported here, we took the advantage of an existing biobank of biopsy samples prospectively compiled from study patients, enabling analysis of quality-assured tumor tissue. However, the present LARC population had not received anti-EGFR antibody treatment and thus, such outcome data was unavailable for correlation to the generated tumor kinase activity profiles.
In selecting cancer patients to kinase inhibiting therapeutics, the prevailing gold-standard is based mainly on detection of gene aberrations in the patients' tumors. Such defects are embodied as the absence or presence of specific mutations, the latter being activating or inhibiting, or as amplifications or translocations, and are currently utilized in colorectal, breast, and non-small cell lung carcinomas, malignant melanoma, gastrointestinal stromal tumor, and some hematologic malignancies [19] . In the LARC population studied here, the observed frequencies of tumor aberrations of KRAS, BRAF, PIK3CA, and ERBB2 were in the order of magnitude previously reported in colorectal cancer [9, 12, 17, 31] . Also in accordance with previous observations [9] , mutations in KRAS and BRAF were mutually exclusive, whereas KRAS and PIK3CA mutations could coexist. The tumor from one patient harbored no less than four detected mutations (KRAS p.G12S, one PIK3CA exon 9 mutation, and two PIK3CA exon 20 mutations). Moreover, the lack of correlation between tumor KRAS/BRAF mutation status and treatment outcome for the present study population is in agreement with previous reports of other patient cohorts treated with neoadjuvant fluoropyrimidine2/oxaliplatin-based CRT [32] [33] [34] . Whether tumor KRAS mutation status is predictive for cetuximab-based CRT in LARC, is presently under debate [35] [36] [37] [38] .
In conclusion, recognizing that high tumor PI3K-mediated signaling activity was associated with poor metastasis-free survival in LARC, the strategy of exploring tumor kinase activities might be used to define functional biomarkers for risk assessment and treatment stratification. The present analysis needs to be repeated in more comprehensive patient populations, preferably with validated outcome data from adjuvant therapy, to ultimately prove diagnostic value for identification of patients with highly aggressive disease. Alternatively, as research tool, this approach for analyzing composite activities of signaling pathway effector proteins may be further developed to study actionable targets for prevention or treatment of colorectal cancer metastasis in general. Author Contributions
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